A sensitive bioassay was developed to provide a way to detect chemical signals from host plants which induce changes in hyphal growth patterns of germinated spores of arbuscular mycorrhizal (AM) fungi. The assay can be used to test host root exudates, as well as particulate fractions (root cap border cells and root mucilage), for their ability to affect AM fungal growth. Hyphal branching, induced by various host root components, can be detected as early as 4 h although results of the bioassay were usually determined after 16 to 24 h. The type of branching pattern observed was dose-dependent.
Introduction
The first recognition event in the interaction between host root and AM fungus is the branching of fungal hyphae as they approach a host root (Giovannetti et al. 1993 , Bécard & Fortin 1988 . Recent evidence indicates this occurs in response to signal(s) in root exudates (Nagahashi et al. 1996a , 1996b , Giovannetti et al. 1993 . It has been difficult to study the signaling or communication events during the colonization of a host root by an AM fungus because of the lack of a quality bioassay to detect host signals. Although in vitro culture techniques involving aseptically germinated AM fungus spores have been used to study hyphal growth before fungal colonization of Ri T-DNA transformed roots, observations were made for at least 15 days (Douds et al. 1996) and more recently, a minimum of five days (Nagahashi et al. 1996b) . We report a method to test various isolated root culture fractions for their ability to stimulate AM * * The U.S. Government right to a retain a non-exclusive royaltyfree license in and to any copyright is acknowledged.
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fungus growth. This bioassay was used to compare soluble components of root exudates and particulate fractions isolated from root cultures for stimulators of AM fungus hyphal branching.
Materials and methods

Spore production and spore germination
Azygospores of Gigaspora gigantea (Nicol. & Gerd.) Gerdemann & Trappe were produced in pot cultures in a greenhouse with Paspalum notatum Flugge as a host. Air dried pot culture soils containing G. gigantea spores were stored at 4 • C for 10-14 weeks to relieve dormancy. Spores were collected, isolated, and sterilized as described earlier (Bécard & Fortin 1988) and stored at 4 • C until use. Twenty-five spores were transferred to each Petri dish containing M medium (Bécard & Fortin 1988) with 0.4% gellan (Phytagel, Sigma) and incubated at 32 • C in 2% CO 2 . Upon germination, spores were removed and transferred to separate Petri plates of gelled M medium and incubated as above for 3 to 6 days before use in the bioassay.
Isolation of exudates, border cells, and mucilage
Ri T-DNA transformed carrot roots (Daucus carota L.) were cultured in Petri plates containing M medium solidified with 0.2% gellan gum as described earlier (Bécard & Piché 1992) . Segments of the roots were transferred aseptically to a 250 ml Erlenmeyer flask containing sterilized M medium without gellan and grown in liquid culture in the dark for 28 days (growth medium was exchanged with fresh M medium after 14 days) at 25 • C in a shaking water-bath at 110 rpm. After 28 days, the growth medium was exchanged with fresh M medium minus phosphorus and roots were grown for 7 more days. After this time, the fresh weight of roots per flask ranged from 9.4 to 10.5 g. The culture solution then was filtered through a double layer of sterilized Whatman no. 1 filter paper to trap the border cells. The filtrate then was passed through a Nalgene disposable filterware system (0.2 µm filter) to trap the mucilage (border cells and mucilage each were washed twice with sterile water). After this step, the filtrate (1 flask of filtered exudate) was concentrated in a C18 Sepak cartridge (1000 mg tube, octadecylsilyl, Lida Manufacturing Corp.) and then eluted with increasing concentrations of methanol. This allowed us to fractionate the crude exudate into alcohol-soluble fractions. Over 75% of the material which absorbs at 280 nm (yellowishbrown band in the Sepak cartridge) was removed in the 30% (v/v) methanol wash and this fraction did not contain any branch-stimulating activity. The cartridge then was washed with 100% methanol to elute the branching stimulators. The 30/100% fraction was concentrated under N 2 . Once dried, however, 70% (v/v) methanol or ethanol was necessary to readily dissolve the residue. The 30/100% alcohol fraction was typically dissolved in 1 ml of 70% (v/v) ethanol and used as the concentrated form of exudate.
Bioassay using microinjection of soluble and particulate fractions
An alcohol-sterilized Pasteur pipet, fitted with a cotton plug and rubber bulb, was used to produce a hole approximately 2 mm in diameter in the medium of the Petri plate containing the 3 to 6 day-old germinated spore. The pipet tip was inserted into the gellan and the contents were removed by suction. Two holes were made about 2-3 mm in front of a growing hyphal tip. The holes were filled with 8 µl of root exudate preparations with a Gilson-Rainin (P20) Pipetman fitted with a Bio-Rad Seque/Pro Pipet Tip. Controls Table 1 . Branching of the germ tube (1 o ) and secondary hyphae (2 o ) of Gigaspora gigantea in response to the application of 70% ethanol or sterile carrot root exudate that was concentrated in a Sepak cartridge, fractionated, dried, and dissolved in 70% ethanol. Branches were counted 24 h after application of exudate.
Treatment
Branches were injected with sterile water or the same carrier solvent (usually 70% v/v for ethanol) as the exudate preparations.
The primary (1 o ) germ tube and the main secondary (2 o ) hyphae of G. gigantea were tested in the bioassay. The 1 • germ tube was the first hypha growing from the germinated spore and it exhibited a negative geotropic response. Secondary hyphae developed from the 1 o and the growing tips of the first three main 2 o hyphae nearest the spore were tested in the bioassay. After injection of any sample, the Petri plate was incubated vertically at 32 • C in 2% CO 2 in the dark for 16 to 24 h unless stated otherwise. Branches within 1 cm of the injection site were counted by viewing the Petri plate under a stereomicroscope at 20× to 50×.
Larger holes (∼4.5 mm in diameter) were made in the gellan with a disposable sterile pipet with bulb to bioassay particulate fractions. These holes (able to hold 24 µl) were necessary to load border cells or mucilage with a sterilized Pasteur pipet. (Table 1) showed that carrot root exudate could stimulate hyphal branching of the 1 o germ tube and the 2 o hyphae of G. gigantea. Essentially, any growing hyphal tip exposed to host root exudate will branch (data not shown). The results in Table 1 indicated that the 1 o germ tube and the major 2 o hyphae can be considered as equals in the bioassay. Four individual hyphae per spore could be tested for any given experiment.
Results
An initial experiment
Exudate was dissolved in increasing concentrations of alcohol to determine the effect of alcohol level on hyphal branching and results were compared
